We investigate the properties of magnetized stars in the propeller regime using axisymmetric numerical simulations. We were able to model the propeller regime for stars with realistically large magnetospheres (5 − 7 stellar radii) and relatively thin accretion disks, H/r ≈ 0.15, so that our results could be applied to different types of magnetized stars, including Classical T Tauri stars (CTTSs), cataclysmic variables (CVs), and accreting millisecond pulsars (MSPs). A wide range of propeller strengths has been studied, from very strong propellers (where the magnetosphere rotates much more rapidly than the inner disk and most of the inner disc matter is redirected into the wind) to very weak propellers (where the magnetosphere rotates only slightly faster than the inner disc, and only a small part of the inner disc matter is redirected into the wind). In both the strong and weak propellers, matter is accumulated at the inner disc for the majority of the time, while episodes of accretion onto the star and ejection into the wind are relatively brief. The efficiency of the propeller, which characterizes the part of inner disk matter flowing into the wind, strongly depends on the fastness parameter ω s , which is the ratio of the stellar angular velocity to the inner disc Keplerian velocity: propeller efficiency increases with ω s . The properties of the winds are different in strong and weak propellers. In the strong propellers, matter is accelerated rapidly above the escape velocity and flows at a relatively small opening angle of 40 − 45 degrees. This matter leaves the system, forming the large-scale outflows. In the weak propellers (during episodes of ejection into the wind), matter may flow faster or slower than the escape velocity and at a large opening angle of 60 − 70 degrees. Most of this matter is expected to either fall back to the disk or form a magnetic turbulent corona above the disk. A star-disk system loses energy and angular momentum. A part of the rotational energy of the star is ejected to the magnetically-dominated (Poynting flux) jet, which is only present in the strong propellers. The other part of the energy flows from the inner disk into a propeller-driven wind. A star spins down partly due to the flow of angular momentum from the star to the corona (in weak propellers) or to the Poynting flux jet (in strong propellers) along the open field lines, and partly due to the flow of angular momentum to the inner disk along the closed field lines.
Introduction
Different magnetized stars are expected to be in the propeller regime if the magnetosphere rotates more rapidly than the inner disk (e.g., Illarionov & Sunyaev 1975; Lovelace et al. 1999 ). This regime is expected, e.g., when the accretion rate decreases and the magnetosphere expands. If the inner disk matter penetrates through the magnetosphere, then it acquires angular momentum and can be ejected from the disk-magnetosphere boundary in the form of a wind. Signs of the propeller regime have been observed in Classical T Tauri stars (CTTSs) (e.g., Donati et al. 2010; Grinin et al. 2015; Cody et al. 2017 ), in cataclysmic variable AE Aqr (e.g., Mauche 2006; Wynn et al. 1997) , and in a few accreting millisecond pulsars (MSPs) at the ends of their outbursts, when the accretion rate decreases and the disk moves away from the star (e.g., van der Klis et al. 2000; Patruno et al. 2009 ; Patruno & D'Angelo 2013; Bult & van der Klis 2014) . Recently, transitional millisecond pulsars were discovered, where a millisecond pulsar transits between the state of an accreting MP, where the accretion disk moves close to the star, and that of a radiopulsar, where the accretion disk moves to larger distances from the star (e.g., Papitto et al. 2013; Ferrigno et al. 2014; Linares 2014; Patruno et al. 2014) 1 . In these types of stars, the propeller regime is inevitable. In fact, different observational properties of transitional MSPs may possibly be connected with the propeller state, such as the highly variable X-ray radiation (e.g., Ferrigno et al. 2014; Patruno et al. 2014; Archibald et al. 2015) , γ−ray flares (e.g., De Martino et al. 2010 ) and radiation in the radio band with a flat spectrum, which indicates the presence of outflows or jets (e.g., Bogdanov et al. 2015; Deller et al. 2015) . Many observational properties of propeller candidate stars were not well-understood, such as the accretioninduced pulsations observed at very low accretion rates in some transitional MSPs and the CV AE Aqr. According to theoretical estimates, at low accretion rates the inner disk should be far away from the star and accretion should be blocked by the centrifugal barrier of the propelling star (e.g., Archibald et al. 2015; Papitto & Torres 2015; . However, observations show that a small amount of matter accretes in spite of the centrifugal barrier. This and other issues require further understanding, so the propeller regime should be studied in greater detail.
The propeller regime has been studied in a number of theoretical works and numerical simulations. Illarionov & Sunyaev (1975) and Lovelace et al. (1999) investigated the strong propeller regime analytically. They suggested that the propelling star ejects all of the accreting matter into the wind, and no matter accretes onto the star.
In other analytical works and 1D numerical simulations it was suggested that the magnetosphere rotates only slightly faster than the inner disk, that is, the propeller is relatively weak, and there are no outflows (e.g., Sunyaev & Shakura 1977; Spruit & Taam 1993; D'Angelo & Spruit 2010 , 2012 . In their models, the excess angular momentum is transferred back to the disk, forming a dead disk, and matter of the inner disk accretes onto the star quasi-periodically due to the cyclic process of matter accumulation and accretion.
The propeller regime has been studied in a number of axisymmetric (2.5D) simulations, where a magnetized, rapidly rotating star interacts with an accretion disk (e.g., Romanova et al. 2005; Ustyugova et al. 2006; Lii et al. 2014) . Simulations have shown that 1. In the propeller regime, both accretion and outflows are present. Matter accretes onto the star in cycles. For the major part of the cycle, matter accumulates in the inner disk and slowly moves inward. Then, it partially accretes onto the star and is partially ejected into the wind. Subsequently, the magnetosphere expands. Therefore, both accretion and outflows occur in brief episodes (spikes); 2. Accretion onto the star is typically accompanied by outflow of matter from the inner disk. However, the outflows may also be present at other times, such as when accretion is blocked by the centrifugal barrier; 3. In strong propellers, a two-component outflow has been observed: a relatively slow and dense, conically shaped inner disk wind, which carries away most of the inner disk matter, and a low-density, high-velocity collimated jet, which carries away significant energy and angular momentum; 4. A star spins down due to the outward flow of angular momentum along the open and closed field lines.
In earlier models, accretion from laminar α−disks (Shakura & Sunyaev, 1973) had been considered, where the accretion rate in the disk was regulated by the α−parameter of viscosity, α v , while the rate of the field line diffusion through the disk was regulated by a similar parameter, α diff (Romanova et al., 2004 Ustyugova et al., 2006; Romanova et al., 2009 ). More recently, simulations were performed for turbulent disks (Lii et al., 2014) , where the turbulence is driven by the magneto-rotational instability (MRI, e.g., Balbus & Hawley 1991) . Also, in contrast with the earlier works, simulations were performed in both the top and bottom hemispheres (no equatorial symmetry). These simulations show similar results to those obtained with the α−disks. However, the accretion funnels are not symmetric about the equatorial plane, and the outflows are typically onesided.
In these earlier studies, only stars with relatively small magnetospheres were modeled (r m 3R , where R is the stellar radius) 2 . However, most of the propeller candidate stars have larger magnetospheres, so the earlier models could only be applied to a limited range of stars. This is why we adjusted the model in such ways as to allow us to model the stars with larger magnetospheres, r m ≈ (5 − 7)R .
In addition, the earlier numerical simulations were mainly focused on very strong propellers, where the magnetosphere rotates much more rapidly than the inner disk, (e.g., Romanova et al. , 2009 ). However, propellers of lower strengths have not been systematically studied. Some of the major questions are: (1) What are the properties of outflows in propellers of different strengths? In particular, (2) Which parts of the inner disk matter flow into the winds? (3) What is the velocity of matter in the wind? (4) What is the opening angle of the wind? (5) How much energy flows into the inner disk wind and the Poynting flux jet? (6) What is the rate of stellar spin-down? (7) How do these properties depend on the strength of the propeller ?
To answer these questions, we performed a number of axisymmetric simulations of propellers of different strengths, ranging from very weak propellers to very strong propellers, and studied the properties of matter, energy and angular momentum flow. As a base case, we used a model with a turbulent disk similar to that used by Lii et al. (2014) . However, compared with Lii et al. (2014) , we (1) took the disk to be a few times thinner, with an aspect ratio of H/r ≈ 0.15, which is closer to realistic (thin) disks; (2) considered magnetospheres of larger sizes, r m ≈ (5−7)R (compared with r m ≈ 3R in Lii et al. (2014) ), so that the model could be applied to propelling stars with larger magnetospheres; (3) suggested that the 3D instabilities are efficient at the disk-magnetosphere boundary and added a diffusivity layer at r ≤ 7R , where the diffusivity is high. The diffusivity is very low (numerical) in the rest of the disk.
3 (4) investigated the properties of propellers of different strengths. Our simulations show that the properties of strong versus weak propellers are qualitatively different, and are expected to provide different observational properties.
The main goal of this new research was to develop a series of models with parameter values similar to those expected in propeller candidate stars, such as transitional millisecond pulsars, intermediate polars, and Classical T Tauri stars. The results of the simulations are presented in dimensionless form and can be applied to all types of stars. We also provide convenient formulae for the conversion of dimensionless values to dimensional values in application to these stars. We plan to apply the results of our models to particular propeller candidate stars in future papers.
The plan of the paper is the following. In Sec. 2 we discuss the theoretical background of the problem. We describe our numerical model in Sec. 3 and show the main results of simulations and analysis in Sec. 3-8. In Sec. 9 we provide examples of applications and convenient formulae for different types of stars. We conclude in Sec. 10. Appendix A and Appendix B provide the details of the numerical model and the variation of different variables with time for a number of representative models.
Theoretical background
For investigation of propellers of different strengths, it is important to find the main parameters which determine the strengths of propellers and which determine the main properties of propellers. In case of slowly-rotating (non-propelling) magnetized stars, such a parameter is the fastness parameter ω s (e.g., Ghosh 2007; Blinova et al. 2016) . In the study of the propeller regime, we also use the fastness parameter as the main parameter of the problem.
Fastness parameter ω s
The fastness parameter is determined as the ratio between the angular velocity of the star Ω and the angular velocity of the inner disk at the disk-magnetosphere boundary r = r m (e.g., Ghosh 2007):
where, Ω K (r m ) is the Keplerian angular velocity of the inner disk at r = r m .
An importance of the fastness parameter can also be shown through the simplified analysis of forces. In case of a thin (cold) accretion disk, the matter pressure force is small, and the main forces acting on the matter of the inner disk are the gravitational, centrifugal and magnetic forces. In case of strong propellers (ω s >> 1) the centrifugal force is often the main force driving matter to the outflows (e.g., Romanova et al. 2009; Lii et al. 2014) , so that the total force acting to the unit mass of the disk is dominated by the effective gravity:
where g = −GM /r 2 and g c = Ω 2 r are the gravitational and centrifugal acceleration, respectively. Taking into account that at the inner disk, r = r m ,
2 r m , we obtain
One can see that in stars of the same mass M and the same magnetospheric radius r m , the main force acting onto the inner disk matter depends only on the fastness parameter: g eff ∼ (ω s − 1). In cases of relatively strong propellers, ω s >> 1, the power-law dependence g eff ∼ ω 2 s is expected. We should note that the magnetic force also contributes to driving and acceleration/collimation of matter in the wind, so that the above power-law dependence on ω s can be different in real situation.
Above analysis shows that the strength of propeller and processes at the disk-magnetosphere boundary should depend on the fastness parameter ω s . That is why we chose this parameter as the main parameter of the model and investigate different properties of propellers as a function of ω s .
Convenient form for fastness parameter ω s
In the case of a Keplerian disk,
1/2 , and the fastness parameter can be presented in the form:
where r cor is the corotation radius at which the angular velocity of the star matches the Keplerian angular velocity in the inner disk, Ω = Ω K : The magnetospheric radius r m is the radius at which the magnetic stress in the magnetosphere is equal to the matter stress in the disk:
Here, ρ is density, p is thermal pressure, v p , v φ and B p , B φ are the poloidal and azimuthal components of velocity and the magnetic field, respectively. In cases of slowly-rotating stars (not propellers), the magnetospheric radius has been derived theoretically from the balance of the largest components of the stresses : B 2 dip /8π = ρv 2 φ , where B dip is the magnetic field of the star which is suggested to be a dipole field, and v φ is the Keplerian angular velocity in the inner disk:
where µ = B R 3 is the magnetic moment of the star with a surface field of B ,Ṁ is the accretion rate in the disk, and M and R are the mass and radius of the star, respectively (e.g., Lamb et al. 1973) 4 . 4 Comparisons of the magnetospheric radii obtained in the axisymmetric simulations with Eq. 6 provided the values k ≈ 0.5 (Long et al., 2005) and k ≈ 0.6 (Zanni and Ferreira, 2013) . 3D simulations of multiple cases have shown a slightly different power (1/10 instead of 1/7) in Eq. 6 due to the compression of the magnetosphere (Kulkarni & Romanova, 2014) .
However, in the propeller regime, the magnetosphere departs from the dipole shape and the poloidal velocity v p may become comparable to or larger than the azimuthal velocity v φ . In addition, the process of disk-magnetosphere interaction is non-stationary, so all variables vary in time. This is why we calculate the magnetospheric radius r m using the general equation for balance of stresses (Eq. 5), where both poloidal and azimuthal components of velocity and magnetic field are taken into account.
The numerical model
We performed axisymmetric simulations of disk accretion onto a rotating magnetized star in the propeller regime. The model is similar to that used in the simulations of Lii et al. (2014) , but with a few differences. Below, we briefly discuss the main features of the numerical model and also the differences between our model and that of Lii et al. (2014) . More technical details of the model are described in Appendix A.
We consider accretion onto a magnetized star from a turbulent accretion disk, where the turbulence is driven by the magneto-rotational instability (MRI, e.g., Balbus & Hawley 1991) , which is initiated by a weak poloidal magnetic field placed inside the disk (see Fig. 1 ). The accretion disk is cold and dense, while the corona is hot and rarefied. The disk is 3,000 times cooler and denser than the corona. The disk is geometrically thin, with an aspect ratio of h/r ≈ 0.15, where h is the semi-thickness of the disk. This disk is about 2.7 times thinner than that used in Lii et al. (2014) . To achieve an accretion rate in the new thin disk comparable with that in the Lii et al. (2014) thicker disk, we increased the reference density in the disk by a factor of three.
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A star with an aligned dipole magnetic field is placed at the center of the coordinate system. The disk is placed at a distance of 10 stellar radii from the center of the star, which rotates slowly, with the Keplerian angular velocity corresponding to corotation radius r cor = 10R . Then, we gradually spin up 5 Note, that the first set of simulations was performed for the thicker disk and only later was recalculated for the thinner disk. Comparisons did not show any significant differences between the results. However, the current paper is based on the simulations of accretion from the thinner disk, because a thinner disk is closer to realistic disks expected in different accreting magnetized stars. the star (over the period of 100 rotations of the inner disk at r = R ) to a higher angular velocity, Ω , corresponding to the propeller regime. The corresponding corotation radius, r cor , is a parameter of the model. See Appendix A.1 for details of initial and boundary conditions.
The disk-magnetosphere interaction in the propeller regime requires some kind of diffusivity, so that matter of the inner disk can penetrate through the rapidly-rotating layers of the stellar magnetosphere. This type of penetration may be connected with the magnetic Rayleigh-Taylor (magnetic interchange) instability (e.g., Arons & Lea 1976) . The magnetic interchange instability has been observed in 2D simulations of propellers, performed in polar coordinates (Wang & Robertson, 1985) , as well as in global three-dimensional (3D) simulations of accretion onto slowly-rotating stars (e.g., Romanova et al. 2008; Blinova et al. 2016) and in the local 3D simulations (e.g., Stone & Gardiner 2007a,b) . However, in our current 2.5D axisymmetric simulations, this instability is suppressed by the axisymmetry of the problem. This is why we added a diffusivity term into the code and suggested the presence of large diffusivity at the disk-magnetosphere boundary. We determined the coefficient of diffusivity in analogy with the coefficient of viscosity in the α−disk model:
where c s is the local sound speed, and α diff is the α−coefficient of diffusivity. We chose the largest value, permitted by the α−disk theory, α diff = 1 (Shakura & Sunyaev, 1973 ) (see details in Appendix A.1). This is different from the Lii et al. (2014) simulations, where no diffusivity term was added in most of the simulation runs, and where a small numerical diffusivity was responsible for the disk-magnetosphere interaction. Test simulation runs have shown that, when such a diffusive layer is added, more matter is ejected into the outflows (see Appendix in Lii et al. 2014 ). In the current paper, we suggest high diffusivity in all simulation runs.
The equations were solved in dimensionless units, so that the model could be applied to different types of stars, from young stars to neutron stars (see Appendix A.3 and Tab. A.6 for details of the dimensionalization procedure). The results of simulations are shown in dimensionless units, excluding those in Sec. 9.
One of the important dimensionless parameters is µ, which determines the typical size of the dimensionless magnetosphere, r m /R . Simulations of Lii The inner disk oscillates. However, we chose the moments in time at which the inner disk radius is approximately equal to the time-averaged value r m . In all three models, the corotation radius r cor = 1.5. Note that the magnetospheric radii in our models, r m ≈ 5 − 7, are approximately twice as large as those in the Lii et al. (2014) simulations, where a smaller magnetospheric parameter, µ = 10, has been taken. et al. (2014) were performed at a relatively small value of µ (µ = 10), which provided typical values of the magnetospheric radius, r m ≈ 3R . 6 . In the current paper, we consider larger values of µ: tospheric sizes are needed to model the propeller regime in different types of stars, some of which may have relatively large magnetospheres.
A fine grid resolution is used, with grid compression in the regions of the disk and the magnetosphere. A Godunov-type numerical code in cylindrical coordinates has been developed by Koldoba et al. (2016) , which incorporates an HLLD numerical solver of Miyoshi & Kusano (2005) . See Appendix A.2 for details of our numerical model. 
Variability and time-averaged values
We investigated the properties of propellers of different strengths, from very weak propellers (in which the magnetosphere rotates only slightly faster than the inner disk) to very strong propellers (where the magnetosphere rotates much more rapidly than the inner disk). To achieve different strengths of propeller, we varied the corotation radius in the range of r cor = 1.3−6. We also varied the magnetospheric parameter µ (which determines the dimensionless size of the magnetosphere, r m /R ), and performed calculations for three values, µ = 30, 60, and 100. Table 1 shows parameters for a number of representative models and also results of simulations.
The disk-magnetosphere interaction in the propeller regime is a non-stationary process, where the inner disk radius r m oscillates, and the matter fluxes to the star,Ṁ s , and to the wind,Ṁ w , are also strongly variable. The variability is connected with the cycle of matter accumulation, accretion/ejection, and magnetosphere expansion.
A cycle of accumulation-accretion/ejectionexpansion
To demonstrate the non-stationary nature of the propeller regime and our procedure for timeaveraging, we show the results obtained for one of our models of a strong propeller, µ60c1.5. The top panels of Fig. 2 show a close-in view of the inner part of the simulation region during one episode of the accumulation-accretion/ejection-expansion cycle. (1) At t = 723, matter is accumulated at the inner disk, which gradually moves inward (towards the star). The stellar field lines threading the disk inflate and expand. Inflation is stronger in the part of the magnetosphere that is below the equator.
(2) At t = 745, part of the matter starts accreting onto the star above the magnetosphere, while another part starts flowing away from the star below the magnetosphere. It is very typical for matter to accrete on one side of the magnetosphere while forming outflows on the other side of the magnetosphere. The magnetosphere is slightly compressed on the accreting side, while the field lines strongly inflate on the outflowing side. One can see that a significant part of the magnetic flux inflates in the direction away from the star below the equatorial plane. (3) After an accretion/ejection event, the magnetosphere expands (see 3rd panel at t = 763). (4) Subsequently, the inner disk gradually moves inward (see 4th panel at t = 780) and the process repeats. At stage (2), accretion is possible because only a part of the magnetosphere (where the field lines are closed) rotates more rapidly than the inner disk and represents a centrifugal barrier 
Magnetospheric radius r m
We calculated the position of the inner disk (magnetospheric) radius r m using Eq. 5. To calculate the magnetospheric radius r m (t) at some moment t in time, we take the values of density, pressure and components of velocity and magnetic field in the equatorial plane from the simulations, and find the radius r m (t), at which the balance of stresses (Eq. 5) is satisfied. The magnetosphere is often asymmetric about the equatorial plane. To take this issue into account, we initially calculated 7 We should note that some matter is also ejected into the outflows without significant accretion onto the star (see, e.g., a burst to an outflow at t ≈ 830 in Fig. 2 ). In this type of outflow, matter of the inner disk penetrates through the magnetosphere, acquires sufficient angular momentum and flows away from the star. Table 1 : Representative simulation models, calculated at different values of magnetospheric parameter µ (which determines the dimensionless size of the magnetosphere) and different corotation radii r cor . The time-averaged magnetospheric radius r m and matter fluxes to the star Ṁ s and to the wind Ṁ w are found from the simulations. The fastness parameter ω s is calculated using Eq. 3, while the propeller efficiency f eff is calculated using Eq. 12. Matter fluxes to the wind are calculated at the condition v p > 0.1v esc . L sd is the angular momentum flux from the surface of the star. Ė m and Ė f are the energy fluxes through surface S (r = 10, z = ±10) carried by matter and magnetic field, respectively.
the magnetospheric radius at the surfaces z = ±R , which are above and below the equatorial plane, and then took the half-averaged value r m = [r m (z = R ) + r m (z = −R )]/2 as the main magnetospheric radius in the model. We observed from the simulations that at this radius, r m , the density in the disk drops from the high values in the disk down to very low values in the magnetosphere, while the angular velocity changes from the Keplerian angular velocity in the disk to the angular velocity of the magnetosphere. Simulations show that the magnetospheric radius varies in time. The middle panel of Fig. 2 shows that it varies between r m ≈ 4.9 and r m ≈ 9. To characterize the magnetospheric radius in each model, we introduce the time-averaged magnetospheric radius:
We show this time-averaged radius as a dashed line in Fig. 2 . This radius slightly varies in time. For consistency, we start averaging at moment t = 200 in each simulation run (so as to exclude the effects of the initial conditions) and take this radius at moment t = 1, 000 for each model. In the model shown in Fig. 2 , we obtain r m ≈ 5.8.
The right panels of Figs. B.18, B.19 and B.20 show variation of the inner disk radius in our representative models. The figures show that the amplitudes of disk oscillations are larger in models with larger ω s values (strongest propellers) and also increase with the magnetospheric parameter µ. In the weaker propellers, the amplitude of the oscillations is much smaller, and the radius varies only slightly. Tab. 1 shows the time-averaged magnetospheric radii r m for our representative models. Fig. 3 shows the density distribution in three models with the same corotation radius, r cor = 1.5, but different values of the magnetospheric parameter µ: µ = 30, 60, 100, at the times when the magnetospheric radius is approximately equal to the timeaveraged radius. These radii are approximately twice as large as the radii in the models of Lii et al. (2014) ,
Time-averaged fastness parameter
We use the time-averaged radius r m to calculate the time-averaged fastness parameter:
Subsequently, in this paper, we use this parameter, as the main parameter of the model. For convenience, we remove the brackets and simply use the variable ω s . Tab. 1 shows the values of the time-averaged fastness parameter for our representative models. One can see that the fastness parameter ranges from very low values, ω s = 1.2, to very high values, ω s = 10.2. Fig. 4 shows the dependence of the timeaveraged magnetospheric radius, r m , calculated for all models, on the time-averaged fastness parameter ω s . One can see that in a set of models with the same parameter µ, the magnetospheric radius r m slightly increases with ω s . The dependencies are the following: (1) . In each set, the radii are larger at larger values of µ. We took the dependence on ω s corresponding to µ = 30 and µ = 100, and found an approximate general relationship for all models:
where µ 60 = µ/60. A comparison of the radii obtained with this formula with the values of r m observed in the simulations shows that the typical deviation of the observed radii from those obtained with the formula is ∼ 5 − 10%.
Why does matter accrete in the propeller regime?
In the sample model shown in Fig. 2 , the magnetospheric radius is always larger than the corotation radius, r m > r cor , and the time-averaged magnetospheric radius, r m ≈ 5.8, is also larger than the corotation radius, r cor = 1.5. In spite of this, matter accretes onto the star. In all other models, matter also accretes onto the star (see Tab. 1 for Ṁ s ). This is different from the generally-accepted definition that, in the propeller regime, accretion is possible if r m < r cor and is completely forbidden otherwise. Below, we describe the main reasons why accretion becomes possible even in the cases of very strong propellers:
• In theoretical studies and one-dimensional models, it is suggested that the centrifugal barrier is an infinite vertical wall (e.g., Sunyaev & Shakura 1977; Spruit & Taam 1993) . However, two-dimensional simulations show that only the closed part of the magnetosphere rotates more rapidly than the inner disk and represents the centrifugal barrier. That is why, at favorable conditions, matter can flow above or below the magnetosphere and accrete onto the star at condition r m > r cor .
• The process is non-stationary. Most of the time, accretion is blocked by the centrifugal barrier and matter does not accrete onto the star. However, when the disk comes closer to the star, conditions become favorable for accretion and matter accretes onto the star in a brief episode. This explains why the timeaveraged matter flux to the star can be so low (much lower than the matter flux to the wind).
These two-dimensional, non-stationary propeller models help explain why propellers can accrete a part of the disk matter, in spite of the fact that their magnetospheres rotate more rapidly than their inner disks.
Matter fluxes
We also calculated the matter fluxes onto the star and to the wind:
The matter flux to the star has been calculated through the stellar surface, S star = S (r = R , z = ±R ) which is a cylinder with radius r = R and height z = ±R centered on the star, while the matter flux to the wind has been calculated through cylindrical surface S wind = S (r = 10, z = ±10) with radius r = 10 and height z = ±10 8 . To exclude the slow motions in the turbulent disk, we placed the condition that the poloidal velocity in the wind should be larger than some minimum value v min = kv esc , where v esc = (2GM /r) 1/2 is the local escape velocity, and k ≤ 1. Our simulations show that only in strong propellers is matter ejected from the diskmagnetosphere boundary with a velocity comparable to the local escape velocity. In most cases, the initial outflow velocity is low. It can be as low as 0.1v esc . In spite of that, matter flows away from the simulation region, driven mainly by the magnetic force of the inflating field lines. That is why we chose the condition v min = 0.1v esc for the calculation of the outflows. Using this condition, we take into account both the fast and slow winds from the disk-magnetosphere boundary. The bottom panel of Fig. 2 shows the flux onto the star (in red) and the flux to the wind (in blue). One can see that the fluxes are "spiky", because most of the time accretion onto the star is stopped by the centrifugal barrier of the propelling star. The left panels of Figs. B.18, B.19 and B.20 show variation of the matter fluxes in our representative models. To characterize fluxes in each model, we introduced the time-averaged matter fluxes:
The dashed lines in the bottom left panel of Fig. 2 show the time-averaged matter fluxes onto the star Ṁ s (t) and to the wind Ṁ w (t) . We observed that the matter fluxes are affected by the initial conditions during the first ∼200 rotations, which is why we calculated the timeaveraged values of the fluxes starting at t = 200. We observed that the time-averaged fluxes vary only slightly in time. We chose a late moment in time, t = 1, 000, which is near the end of most simulation runs 9 , and took the flux values at this moment to be the typical averaged fluxes for any given model 9 Much longer simulation runs were performed in a few test cases. However, they did not show new information compared with shorter runs. That is why most of simulations were stopped shortly after time t = 1, 000 (to save computing time). 
Propeller Efficiency
Propellers of different strengths eject different amounts of matter into the wind. To characterize the relative matter flux ejected into the wind, we introduce propeller efficiency:
where Ṁ w and Ṁ s are the time-averaged matter fluxes to the wind and to the star, respectively. For each model, we calculated the time-averaged matter fluxes and the value of propeller efficiency f eff using Eq. 12. We also calculated the timeaveraged value of the fastness parameter for each model using eq. 8. Fig. 5 shows the plot of efficiency f eff versus the averaged fastness, ω s , for all models, where each point corresponds to a single model. The set of models includes a wide variety of propeller strengths, from very weak propellers (bottom left corners of the plots) to very strong propellers (top right corners of the plots), and different values of magnetospheric parameter µ, which correspond to different magnetospheric sizes, r m /R , from relatively small magnetospheres (µ = 30, marked as squares) to large magnetospheres (µ = 100, marked as circles). The triangles show models with intermediate magnetospheric sizes (µ = 60).
We calculated the propeller efficiency taking into account only the faster component of the outflowing matter (to exclude the slow motions in the inner disk), with poloidal velocities v p > v min , where v min = 0.1v esc , v min = 0.3v esc , and v min = 1.0v esc (see top, middle and bottom panels of Fig. 5 ).
The top panel of Fig. 5 shows that, at condition v p > v min = 0.1v esc , efficiency is high in both the strong propellers, f eff ≈ 0.85 (see top right corner of the plot), and the weak propellers, f eff ≈ 0.6 (bottom left corner of the plot). This means that, in propellers of different strengths, most of the inner disk matter flows into the wind. This wind can be slow in the cases of weak propellers and much faster in the strong propellers (see Sec. 5.2). The middle panel of Fig. 5 shows that, if we only include the relatively fast outflows, with v p > v min = 0.3v esc , then efficiency becomes lower, f eff ≈ 0.15 − 0.2, in the weak propellers. The bottom panel of Fig. 5 shows that, if we only consider the outflows with super-escape velocities (v p > v min = 1.0v esc ), then, in the weak propellers, efficiency becomes very low, f eff ≈ 10 −3 , but increases sharply with ω s . One can see that, in all three cases, the dependency f eff on ω s can be approximated as a power law: One can see that, at v min = 0.1v esc and v min = 0.3v esc , the efficiency is slightly lower for larger magnetospheres (µ = 100) compared with the smaller magnetospheres (µ = 30 and µ = 60).
The above analysis shows that, in propellers of different strengths, a significant amount of the inner disk matter is lifted above the disk plane and flows into the wind. However, the fate of this wind is different in the cases of strong and weak propellers. Below, we analyze the properties of the wind.
Properties of propeller winds

Matter flow in strong and weak propellers
To demonstrate typical matter flow in strong and weak propellers, we took two models (µ60c1.5 and µ60c3.7) with the same magnetic moment, µ = 60, but different corotation radii r cor = 1.5 and r cor = 3.7. The bottom left panel shows the matter fluxes to the star,Ṁ s , and to the wind,Ṁ w , and their timeaveraged values (dashed lines), which were used to calculate the efficiency of the propeller, f eff ≈ 0.82. The bottom right panel shows variation of the inner disk radius r m and its time-averaged value r m ≈ 5.8, which was used to calculate the fastness parameter: ω s = ( r m /r cor ) 3/2 ≈ 7.6. Fig. 7 shows matter flow to the wind in a relatively weak propeller (model µ60c3.7) during several outbursts to the wind. One can see that the magnetic field lines connecting the inner disk with the star inflate and matter is ejected into the wind at a larger opening angle, Θ wind ≈ 60
• , compared with the case of the stronger propeller. The bottom left panel shows that the matter fluxes to the star and to the wind look somewhat similar to those of the strong propeller shown in Fig. 6 . The efficiency of the weaker propeller, f eff ≈ 0.66, is only slightly lower than that of the stronger propeller. This similarity is due to the fact that, in both models, the outflows include any matter that flows through surface S (r = 10, z = ±10) with velocity v > v min = 0.1v esc . However, in the weak propeller, the velocity of matter flow into the wind is much lower than in the strong propeller (see Sec. 5.2). The bottom right panel of Fig. 7 shows that the magnetospheric radius r m oscillates and the time-averaged value r m ≈ 5.4, which is only slightly smaller than that in the above example of the strong propeller 10 . Note, however, that the fastness parameter, ω s ≈ 1.8, is much smaller than that of the strong propeller. The fastness parameter is one of the main factors contributing to the differences in the properties of the winds in strong versus weak propellers. 
Velocities in the wind
We investigated the velocities of matter in the wind component of propellers of different strengths. Most of the matter flows from the diskmagnetosphere boundary into the conical wind. To find the typical velocity of matter flow in each model, we chose a surface S (r = 20, z = ±20), which is a cylinder with dimensions r = 20 and z = ±20 (see Fig. 8 ) 11 , and searched for the maximum poloidal velocity v max at this surface. The maximum velocity was calculated for the parts of the wind where the density is not very low (ρ > 0.001), so as to deselect the regions of very low density and that the magnetospheric radius is determined by the balance between the magnetic and matter pressures, where ρv 2 φ term dominates over ρv 2 p term at the disk-magnetosphere boundary. 11 Note, that this cylinder is larger than that used for the calculation of matter fluxes, because matter in the wind often has low velocities at the disk-magnetosphere boundary, but is accelerated at larger distances from the star due to the magnetic force high velocity flow in the axial regions. We also deselected the matter which moves at low velocities in the disk by the condition v > v min = 0.1v esc . We calculated the ratio v max /v esc , which shows whether the maximum poloidal velocity in the wind is larger or smaller than the local escape velocity v esc . Fig. 9 (top panels) shows variation of the ratio v max /v esc with time in a strong (left panel) and weak (right panel) propeller. One can see that in the case of a strong propeller, this ratio varies in the range of v max /v esc ≈ 2 − 5 during the bursts. In the case of a relatively weak propeller, the maximum velocity during the bursts is either slightly larger or slightly smaller than the escape velocity, so that v max /v esc ≈ 1. Some of this matter escapes the star's gravity, while some of it returns back to the star or falls onto the disk at some distance from the star. In even weaker propellers, the maximum velocity in the wind is lower than the escape velocity, so that matter will fall back onto the star. Alternatively, it may contribute to the slowly-expanding turbulent magnetic corona. The left panels of Figs. B.21, B.22, and B.23 from Appendix B show the variation of v max /v esc with time for some of the representative models.
To characterize the velocity of the outflows in each model, we calculated the time-averaged maximum velocity
These averaged velocities are approximately 2-3 times lower than the maximum velocities during the bursts to the wind (compare the dashed lines in top panels of Fig. 9 with the velocity maxima). For each model, we take the averaged velocity at time t = 1, 000 and use it for comparisons with other models. Fig. 10 (left panel) shows that the averaged velocity increases with fastness exponentially (see Tab. 3 for dependencies). Note that the dependencies are approximately the same for magnetospheres of different sizes (different values of µ).
Opening Angle of the wind
We also calculated the opening angle of the wind, Θ wind , which we determined as the angle between the line connecting the inner disk to the point of maximum wind velocity (v = v max , located at the surface S (r = 20, z = ±20)) and the vertical line crossing the inner disk, r = r m (see right panel of Fig. 8) . Simulations show that, in both the strong and weak propellers, the opening angle strongly oscillates (see Fig. 9 , bottom panels). This angle is smaller in the cases of stronger propellers. Figures  B.21 , B.22, and B.23 from Appendix B show the variation of Θ wind with time in our representative models.
We calculated the time-averaged value of the opening angle for each model:
The dashed horizontal lines in Fig. 9 (bottom panels) show the time-averaged opening angles in our sample cases of strong and weak propellers. One can see that the time-averaged angle Θ wind is approximately 45
• and 60 • in our examples of strong and weak propellers, respectively. Table 3 : Maximum velocity and opening angle of the wind as a function of the fastness parameter, ω s , for different values of magnetospheric parameter µ. The maximum velocity is calculated at the surface S (r = 20, z = ±20) and the condition v p > 0.1v esc . Fig. 10 (right panel) shows the dependence of the time-averaged opening angles, Θ wind , taken for all models (at t = 1, 000), on the fastness parameter, ω s . One can see that Θ wind decreases with ω s . The dependencies can be approximated by a power law (see Tab. 3). One can see that the dependencies are similar for µ = 30 and µ = 60. However, in the models with the largest magnetospheres, µ = 100, the slope is not as steep as in the other two cases.
The opening angle is large, Θ wind ≈ 60 • − 65
• , in the weak propellers. Velocities of outflows into the wind are also lower in the weak propellers, and, during the outbursts, can be comparable to or lower than the escape velocity. This wind matter may fall back to the disk at some distance from the star. In the weak propeller regime, a significant amount of matter may be recycled through the process of ejection from the inner disk boundary, the fall of this matter onto the disk at larger distances from the star, and subsequent inward accretion in the disk.
Angular momentum and energy
In the propeller regime, a star-disk system loses angular momentum and energy.
Angular momentum flow and the spin-down rate
In the propeller regime, a star loses its angular momentum and spins down (e.g., Lovelace et al. 1999) . Angular momentum flows from the surface of the star along the field lines connecting the star with the disk and the corona. In addition, angular momentum flows from the inner parts of the accretion disk along the open field lines of the dipole, which have foot-points at the disk.
The angular momentum flux is calculated by integrating the angular momentum flux densities through some surface S :
where F Lm and F Lf are the angular momentum flux densities carried by matter and magnetic field, respectively, and given by
Here, the normal vector to the surface dS points inward towards the star. To estimate the rate of stellar spin-down,L sd , we calculated the angular momentum flux through the surface of the star, (r = R , z = ±R ) . We observed that the angular momentum flux is carried from the stellar surface by the magnetic field 12 . The red lines in Fig. 11 show variation of this flux in the cases of strong and weak propellers. We also calculated the fluxes carried by matter,L m , and by the field,L f , through surface S (r = 10, z = ±10)
13 . Fig. 11 shows these fluxes in blue and green, respectively. All fluxes strongly vary with time. Comparisons with the matter fluxes show that angular momentum fluxes are the largest during episodes of matter outflow.
To compare the fluxes calculated for different models, we calculated the time-averaged values using a formula similar to Eq. 11. We calculated separately the fluxes of angular momentum carried from the surface of the star, L sd , and the fluxes carried through surface S (r = 10, z = ±10) by the magnetic field, L f , and by matter, L m . Fig. 12 shows these fluxes (taken at t = 1, 000) as a function of the fastness parameter, ω s . The dependencies can be approximately described by power laws (see solid lines in Fig. 12 and dependencies in Tab. 4). One can see that the angular momentum fluxes are larger at larger values of µ. The left panel of Fig. 12 and Tab. 4 show that, in the models with the same values of µ, the angular momentum carried from the star, L sd , is approximately twice as large as the angular momentum carried by the field, L f , through surface S (r = 10, z = ±10). This means that only a part of the angular momentum flows from the star to the inflated field lines. The 12 We forbid the outflow of matter from the stellar surface and therefore the flux carried by matter is zero. 13 Here, we place the surface S close to the inner disk, so that to take into account angular momentum which flows back to the disk along the closed field lines. other part (approximately half of L sd ) flows into the disk along the closed field lines 14 . In the weak propellers, magnetic angular momentum flux L f is associated with the inflation of the field lines and the outward propagation of magnetic flux. However, in the strong propellers, the magnetic flux acquires the form of a magnetic (Poynting flux) jet, where magnetic pressure accelerates the low-density plasma to high velocities inside the simulation region. This jet is magnetically-driven and also magneticallycollimated. The matter component of the flux through surface S (r = 10, z = ±10), L m , is associated with the centrifugally-driven conical component of the wind coming from the inner disk. The right panel of Fig. 12 shows that, at small values of ω s , the angular momentum flux associated with matter, L m , is larger than that associated with the field, L f . However, at large values of ω s they become comparable. In summary, the magnetic field carries angular momentum away from the star, while both matter and magnetic field carry angular momentum away from the star-disk system.
Energy fluxes
Propeller-driven winds and jets also carry energy out of the system. We calculated the energy fluxes carried by matter and magnetic field through surface S (r = 10, z = ±10):
Ang. mom. flux µ = 30 where F Em and F Ef are the energy flux densities carried by matter and magnetic field, given by
Here, the normal vector to the surface dS points inward towards the star. Fig. 13 shows an example of the temporal variations of energy fluxes in strong and weak propellers. One can see that the energy fluxes strongly vary in time, that is, energy is ejected into the outflows in the form of bursts. Fig. 14 shows the time-averaged energy fluxes Ė m and Ė f (taken at t = 1, 000) for all models. One can see that the fluxes increase with ω s and are larger at larger values of µ. Table 5 shows the power law dependencies for fluxes at different values of µ.
In both the strong and weak propellers, some energy is carried by matter from the inner disk into a conically-shaped wind. Additionally, in both cases, inflation of the field lines leads to the flow of magnetic energy out of the star. However, in the strong propellers, magnetic energy also flows into a nonstationary, magnetically-driven and magneticallycollimated low-density jet. Fig. 15 shows the distribution of energy flux density in a strong propeller (model µ60c1.5). The left panel shows that the energy carried by matter flows into the conicallyshaped wind. The right panel shows the energy flux density associated with the magnetic field. One can see that this energy flux is large and is more collimated than the matter energy flux. This is the magnetically-dominated (Poynting flux) jet, where matter is accelerated and collimated by the magnetic field. Table 5 : Energy fluxes through surface S (r = 10, z = ±10) as a function of fastness, ω s . Ė f and Ė m are the energy fluxes carried by the magnetic field and matter, respectively. Only the components of energy directed away from the star are taken into account.
Summary of wind properties in strong and weak propellers
To summarize the specifics of matter flow in propellers of different strengths, we show two sketches that demonstrate the properties of strong and weak propellers during accretion/outburst events (see left and right panels of Fig. 16 ).
• In the strong propeller regime (left panel), matter flows from the inner disk into the disk wind along the open field lines connecting the disk with the corona. This wind has high super-escape velocities and relatively small opening angles, Θ wind ≈ 40 • − 45
• . Such a wind may flow to large distances from the star, forming large-scale wind structures. Alternatively, it may be collimated by the external medium, forming a jet. There is also a low-density, high-velocity, magneticallydominated and magnetically-driven Poynting flux jet, whose matter flows along the stellar field lines. This jet carries a significant amount of energy and angular momentum away from the star. In a typical case of non-stationary ejections, shock waves are expected to form along the flow, where particles may be accelerated to high energies. In summary, a strong, two-component outflow is expected in strong propellers.
• In the weak propeller regime (right panel), matter flows from the inner disk into the lowvelocity wind, where the maximum velocity is comparable with or lower than the local escape velocity. Matter flows into the conical wind at large opening angles, Θ wind ≈ 60 • − 70
• . This wind partly forms the largescale outflow structures, and partly falls back onto the disk at some distance from the star. The fallen matter then accretes back towards the disk-magnetosphere boundary and is again ejected into the slow, conically-shaped wind. Such recycling of inner disk matter is expected in many weak propellers. In addition, inflation and reconnection of the field lines lead to the formation of magnetic islands, which are ejected at low, sub-escape velocities, forming the slow, magnetically-dominated wind. Some of this matter may accrete back to the star, driven by gravitational force. We should note that, in both the strong and weak propellers, matter accretes (and is ejected) during brief episodes, and the inner disk strongly oscillates. Therefore, in both cases, strong variability in the light curves is expected. 
Time intervals between accretion/ejection events
Here, we estimate the characteristic time intervals between accretion/ejection events. Simulations show that accretion/ejection events are typically associated with a cycle in which (1) Matter accumulates at the inner disk and slowly moves inward, (2) Matter of the inner disk penetrates through the external regions of the magnetosphere and the field lines begin to inflate, (3) Matter partly accretes onto the star and partly flows into the wind, (4) The magnetosphere expands and the cycle repeats. An outflow becomes possible when the field lines inflate and open. (1) partly accretes onto the star, (2) partly flows into the high-velocity wind, and (3) partly flows into the low-density, high-velocity axial jet. Right panel: A sketch of matter flow in the weak propeller regime during an accretion/ejection event, where (1) matter partly flows into the low-velocity, high-opening angle wind which may fall back to the disk, and (2) partly into the turbulent corona, where the magnetic islands form as a result of the inflation/reconnection, but return back due to gravity.
Here, we consider two possible scenarios: (1) The diffusivity at the disk-magnetosphere boundary is relatively high, and matter penetrates through the disk-magnetosphere boundary rapidly (we observe this in most of our simulation runs); (2) The diffusivity is low, so that the inner disk matter gradually penetrates through the magnetosphere.
High Diffusivity Scenario
Let's suggest that, after an event of accretion/ejection, the magnetosphere is "empty" and the inner disk is located at some radius r m . Then, matter of the inner disk gradually penetrates through the external layers of the magnetosphere due to some 3D instabilities. The depth of the penetration is unknown. However, we can suggest that this matter penetrates into the magnetosphere up to some depth ∆r and then stops at some distance from the star due to an even stronger centrifugal barrier of the propelling star 15 In parallel, new matter comes in from the disk to its inner parts with an accretion rateṀ. It carries the angular momentum fluẋ
The dipole magnetic field of the star inflates due to the difference between the angular velocity of 15 This scenario is observed in most of our simulation runs. the star, Ω * , and the disk, Ω d . Angular momentum flows from a unit length of the disk at radius r to the inflating field lines. Its value (per unit length) is:
where B m is the magnetic field at r = r m . Inflation occurs when the angular momentum of matter in the disk is larger than the angular momentum required for inflation:
Therefore, the next episode of inflation will occur after an interval of time ∆t, if
Taking into account the fact that B m = B (R /r m ) 3 and definition of fastness, ω s = Ω s /Ω d , we obtain:
To find the characteristic time interval between inflation events in our simulations, we re-write this condition in dimensionless form using the dimensionalization procedure from Appendix A.3: ∆r = R 0 ∆ r, ∆t = P 0 ∆t (where P 0 = 2πt 0 is the period of rotation at r = R 0 ), etc., and obtain Eq. 23 in dimensionless form:
Here, we take into account the fact that B /B 0 = µ(R /R 0 ) 3 = µ and remove all tildes above the dimensionless variables. 
Low Diffusivity Scenario
At a low diffusivity rate, matter of the inner disk slowly penetrates through the external layers of the magnetosphere (in the direction of the star), and the depth of penetration is proportional to the time interval ∆t: ∆r = η m ∆t, where η m is the diffusivity coefficient. During this time interval ∆t, matter accretes towards the inner disk and is accumulated in the amount ofṀ∆t. This matter carries the angular momentum flux described by Eq. 19, and the inflating field lines (which thread the ring with width ∆r) carry away the angular momentum flux described by Eq. 20. Inflation becomes possible when the angular momentum flux carried by matter becomes larger than the angular momentum flux carried by the field:
Therefore, the next episode of inflation occurs after an interval of time ∆t, if
Here, we have already converted the time interval to dimensionless units and removed the tilde's.
One can see that the time interval is proportional to the diffusivity coefficient, η m , and all the variables that ∆t is dependent on have coefficient powers that are twice as high as those in the highdiffusivity scenario (see Eq. 24).
Comparison with simulations
In our model, the diffusivity is high, so we take Eq. 24 (for the high diffusivity scenario) and compare the time intervals obtained with this formula with the time intervals between episodes of accretion obtained in our simulations.
Eq. 24 shows that in stars with a larger magnetospheric parameter µ the time interval ∆t should be larger. To check the dependence on µ, we compare the time intervals between the bursts in models with different values of parameter µ (see left panels of Figures B.18, B.19 and B.20 from Appendix B). One can see that, in the models with comparable values of ω s , the time intervals between the main bursts are larger at µ = 100 than at µ = 60 and µ = 30. This trend is even more clear if we compare the variation of the inner disk radius (compare the right panels of the same figures).
Eq. 24 also shows that the time interval ∆t should increase when the difference (ω s −1) becomes small. Therefore, the time intervals between bursts of accretion should be larger in the weaker propellers. The left panels of Figures B.18, B.19 and B.20 show that, for each value of µ, the time interval ∆t between accretion/ejection events increases when the fastness parameter ω s decreases. Therefore, Eq. 24 describes the dependence on these two parameters correctly. Eq. 24 also shows that the time interval ∆t increases when the accretion rateṀ decreases. In our simulations, we did not vary the initial accretion rate in the disk. However, we observed that in some long simulation runs the accretion rate decreases and the time interval increases, which is consistent with the theoretical dependence.
Applications to Different Types of Stars
In this section, we provide convenient estimates and formulae for the application of our model to different types of stars.
Application to accreting millisecond pulsars
For accreting millisecond pulsars, we take the mass and radius of the star to be M = 1.4M and R = 10km, respectively, and the magnetic field to be B = 10 8 G. Using equations A.5, A.6 and A.7, we obtain the reference values for matter, angular momentum and energy fluxes in the following form:
where M 1.4 = M /1.4M , R 6 = R /10 6 cm, B 8 = B /10 8 G, and µ 60 = µ/60. For example, to obtain the dimensional matter fluxes to the star,Ṁ s , and to the wind,Ṁ w , one should take the dimensionless values Ṁ s and Ṁ w from Tab. 1 and multiply them byṀ 0 :
Analogously, we can find the energy fluxes to the wind/jet associated with matter and magnetic field:
A star in the propeller regime spins down. The spindown energy flux (spin-down luminosity) is:
where P −3 is the period of a neutron star in milliseconds. The spin-down time scale can be estimated as
where L = IΩ is the angular momentum of the star, I = kM R 2 ≈ 1.12 × 10 45 k 0.4 M 1.4 R 2 6 gcm 2 is the star's moment of inertia, k 0.4 = k/0.4. Substituting inL 0 , Ω = Ω 0Ω , and taking Ω 0 from Tab. A.6, we obtain:
We can re-write the last term of Eq. 34,Ω / L sd , in the following way. From Tab. 4 we note that the spin-down flux L sd is proportional to the fastness parameter, ω s , and there is also an approximately linear dependence on µ: L sd ≈ 0.83µ 60 ω s . On the other hand, using the definition of the fastness parameter,
≈ Ω / r m −3/2 , we can re-writeΩ asΩ = r m −3/2 ω s and obtain the following relationship: 
The spin down time-scale does not depend on the angular velocity of the star, Ω , because the faster rotators have larger spin-down rates but also a larger amount of initial angular momentum. Eq. 36 shows that in stars with the same mass, radius and magnetic field, the spin-down time scale is roughly the same in models with the same magnetospheric radius r m .
Using the values of r m from Table 1 , we obtain the time scales in the range of t sd = (1.0 − 2.0) × 10 10 yrs.
In application to millisecond pulsars, the rate of spin-down is often measured as the rate of variation of frequency ν with time,ν = dν/dt (in Hz/s). Taking into account the fact that the angular momentum of the star L = I Ω and the angular momentum flux from the starL sd = I Ω , we obtain:
where ν 3 = ν/1000 Hz. The time interval between accretion/ejection events varies in the range of ∆t = 30 − 200 in dimensionless units. To convert to dimensional units of time, we multiply this value by the reference period of rotation, P 0 = 0.46s, and obtain ∆t ≈ (14−92) ms.
Application to cataclysmic variables
For cataclysmic variables, we take the mass and radius of the star to be M = M and R = 5000km, respectively, and the magnetic field to be B = 10 6 G. We obtain the reference values for matter, angular momentum and energy fluxes in the following form:
L 0 = 3.46 × 10 34 µ 60 −2 B 6 2 R 3 5000 ergs ,
E 0 = 3.57 × 10 34 µ 60 −2 B 6 2 R 3/2 5000 M 1/2 1 ergs/s , (40) where where R 5000 = R /5, 000km, and B 6 = B /10 6 G. We can obtain the spin-down luminosity of the star in a convenient form:
where P is the period of the star in seconds. Using Eq. 33 and the value for the moment of inertia for white dwarf, I = kM R 2 = 2.0 × 10 50 k 0.4 M R 2 5000 gcm 2 , we obtain the spin-down time scale in a form similar to that obtained for millisecond pulsars:
Using the values of r m from Table 1 , we obtain the time scales in the range of t sd = (1.47 − 1.68) × 10 7 yrs. The time interval between accretion/ejection events varies in the range of ∆t = 30−200 in dimensionless units. To convert to dimensional units of time, we multiply this value by the reference period of rotation, P 0 = 6.08s, and obtain ∆t ≈ (180 − 1220) s.
Application to CTTSs
In application to Classical T Tauri stars, we take the mass and radius of the star to be M = 0.8M and R = 2R , respectively, and the magnetic field to be B = 10 3 G. We obtain the reference values for matter, angular momentum and energy fluxes in the following form:Ṁ
where M 0.8 = M /0.8M , R 2R = R/2R , and B 3 = B /10 3 G. Using Eq. 33 and the value for the moment of inertia of CTTSs, I = kM R 2 ≈ 1.25 × 10 55 k 0.4 M 0.8 R 2 2R gcm 2 , we obtain the spin-down time scale in a form similar to that obtained for millisecond pulsars and CVs:
Using the values of r m from Table 1 , we obtain the time scales in the range of t sd = (5.3 × 10 6 − 1.3 × 10 7 ) yrs. These time scales are in agreement with the observations of CTTSs, which show that CTTSs are already slow rotators after 1-10 million years.
The time interval between accretion/ejection events varies in the range of ∆t = 30 − 200 in dimensionless units. To convert to dimensional units of time, we multiply these values by the reference period of rotation, P 0 = 0.37 days, and obtain ∆t ≈ (11 − 74) days. A recent analysis of the lightcurves of accreting young stars in the ρ Oph and Upper Sco regions of star formation (obtained with the K-2 Kepler mission) has shown that bursts of accretion occur every 3-80 days (Cody et al., 2017) . Stars with infrequent bursts may be in the propeller regime.
Conclusions and Discussions
We performed axisymmetric simulations of accretion onto rotating magnetized stars in the propeller regime, ranging from very weak to very strong propellers. We used the fastness parameter ω s to characterize the strength of the propellers. We observed that many properties of the propellers depend on the fastness parameter.
Main conclusions
The main conclusions are the following: 1. Both accretion and outflows are observed in propellers of different strengths. The relative amount of matter ejected into the outflows (propeller efficiency, f eff , see Eq. 12) increases with ω s as a power law.
2. The accretion/ejection cycle is observed at different propeller strengths. In this cycle: (a) Matter of the inner disk slowly moves inward and penetrates through the field lines of the external magnetosphere, (b) The magnetic field lines inflate and open. Matter partly accretes onto the star and is partly ejected into the outflows along the inflated field lines. (c) The magnetosphere expands and the cycle repeats. Most of the time matter accumulates in the inner disk, while the accretion/ejection events occur during brief intervals of time.
3. The inner disk oscillates. The time-averaged inner disk (magnetospheric) radius r m is larger than the corotation radius r cor . In spite of this, matter accretes onto the star. Accretion is possible due to the fact that (a) only the closed part of the magnetosphere represents the centrifugal barrier, (b) the process is non-stationary: accretion occurs in brief episodes as the inner disk moves closer to the star.
4. The velocity of matter ejected into the wind is different in propellers of different strengths: (a) In strong propellers, the maximum velocity of ejecting matter is a few times larger than the local escape velocity; (b) In weak propellers, the maximum velocity is slightly larger or smaller than the escape velocity; (c) In very weak propellers, matter is ejected at sub-escape velocities, forming a turbulent corona above the disk. The time-averaged velocity of matter ejected into the wind increases with the fastness parameter (ω s ) exponentially. 7. A star-disk system loses mass, angular momentum and energy. Most of the matter flows from the inner disk into a conically-shaped wind, which carries the energy and angular momentum associated with that matter. In addition, the inflating field lines carry angular momentum and energy associated with the magnetic field. In the strong propellers, the field lines originating at the star wind up rapidly and form a magnetically-dominated and magnetically-driven (Poynting flux) jet, which accelerates a small amount of matter to high velocities. This jet takes a significant amount of angular momentum out of the star. In addition, it carries angular momentum and energy out of the system. Ejections to the conical wind and Poynting flux jet are strongly non-stationary, so the formation of shocks is expected at some distances from the star.
Application to propeller candidate stars
Our research shows that our models of propellers can explain the different observational properties of propeller candidate stars:
• Strong variability in the light-curves, which can be associated with (1) variable accretion rate onto the star, (2) variable ejection rate to the wind, (3) oscillations of the inner disk.
• Accretion of matter onto the stellar surface in the low-luminosity (low accretion rate) regime, when the magnetospheric radius r m is larger than the corotation radius r cor . Our models show that a small amount of matter accretes onto a star even in the strongest propeller regime.
• Outflows from propeller candidates stars. These outflows can be associated with conical winds and more collimated magnetic jets.
• Flares of high-energy radiation (e.g., the gamma-ray flares observed in some transitional MSPs) can be associated with acceleration of particles in shocks, which form during non-stationary ejections to jets and winds in the strong propeller regime.
In future studies, we plan to model the propeller candidate stars individually (using the known stellar parameters) and to compare our models with observations in detail.
Comparisons with other models
Our model is somewhat similar to the model of Aly & Kuijpers (1990) , who suggested that the field lines connecting the star and the disk should inflate and reconnect quasi-periodically. This model was developed for accreting (non-propelling) stars. However, differential rotation between the footpoints of the field lines and their inflation is expected in both regimes (see also Newman et al. 1992; Lovelace et al. 1995; Uzdensky et al. 2002) 16 . Axisymmetric MHD numerical simulations by Goodson et al. 1997 Goodson et al. , 1999 confirmed this type of instability. In their simulations, they observed several cycles in which matter accumulated, the field lines inflated and subsequently reconnected, matter accreted onto the star and then was ejected into the winds, and the magnetosphere expanded. A similar cycle has been observed in axisymmetric simulations of the propeller regime (Romanova et al., 2004; Zanni and Ferreira, 2013) . However, both types of simulations (for slowly and rapidlyrotating stars) have only been performed in the top part of the simulation region (above the equatorial plane). In these models, reconnection of the field lines has been necessary for the subsequent accretion of matter onto the star. More recent simulations by Lii et al. (2014) have shown that modeling the entire simulation region (above and below the equator) leads to a new phenomenon: the magnetic flux inflates in one direction (above or below the disk), but matter accretes onto the star on the opposite side of the equator 17 . This phenomenon leads to the fact that reconnection is not required for accretion: matter of the inner disk accretes above the magnetosphere (on the opposite side of inflation relative to the equator), where the magnetic flux does not block its path (see, e.g., Fig. 2 ). In our current studies of the propeller regime, we observed a similar phenomenon in the models with larger magnetospheres and thinner disks. We should note that, in the models of slowlyrotating stars (e.g., Goodson et al. 1997) , accretion is blocked by the magnetic flux of the inflated field lines, while in the models of propellers the centrifugal barrier of the rapidly-rotating star is a more important factor in blocking accretion.
Our model also has some similarities with the "dead disk" model, proposed by Sunyaev & Shakura (1977) ; Spruit & Taam (1993) and further developed by D'Angelo & Spruit (2010 Spruit ( , 2012 : in these models, matter of the inner disk is blocked by the centrifugal barrier for some interval of time, and the periods of matter accumulation alternate with episodes of matter accretion onto the star. However, compared with their models, our model is two-dimensional and takes into account (1) inflation of the field lines, (2) formation of outflows and jets, which can be driven by both centrifugal and magnetic forces, and (3) the possibility of accre-this case, accretion is more "spiky" (see left panel of Fig. B2 of Lii et al. 2014) . In the opposite scenario, when the diffusivity is high, α diff = 1, matter of the inner disk penetrates more rapidly through the external layers of the magnetosphere, acquires angular momentum and is ejected into the winds (see right panel of Fig. B2 of Lii et al. 2014) . In this case, the accretion rate is smaller. As a result, efficiency is higher at higher diffusivity values. However, the difference in not very large: f eff = 0.70 in the low-diffusivity case versus f eff = 0.86 in the high-diffusivity case. Overall, the results of Lii et al. (2014) obtained at a very low diffusivity 18 do not differ qualitatively from the results obtained in the current paper. The issue of diffusivity should be further studied in 3D simulations.
On the other hand, in three dimensions, the magnetic axis of the dipole can be tilted about the rotational axis of the disk. 3D MHD simulations of accreting stars have shown that the magnetospheric radius r m is approximately the same in stars with different tilts of the magnetic axis (Romanova et al., 2003) , and therefore the centrifugal barrier should be located at the same distance as in the 2D simulations. However, the centrifugal barrier will have a slightly different shape, which may be against accretion. On the other hand, the tilted dipole is more favorable for accretion. Therefore, the efficiency of the propeller may be somewhat different compared with the axisymmetric case. Global 3D simulations should be done to determine the difference between 2D and 3D simulations. and adjust the matter velocity vectors to be parallel to the magnetic field vectors. This models the frozen-in condition on the star. Top and bottom boundaries: all variables have free boundary conditions along the top and bottom boundaries. In addition, we implement outflow boundary conditions on velocity to prohibit matter from flowing back into the simulation region once it leaves. Outer side boundary: the side boundary is divided into a "disk region" (|z| < z disk ) and a "coronal region" (|z| > z disk ), with
where R out is the external simulation radius. The matter along the disk boundary (|z| < z disk ) is allowed to flow inward with a small radial velocity v r = −δ 3 2 p ρv K (R out ) , δ = 0.02, and a poloidal magnetic field corresponding to the calculated magnetic field at r = R out . The remaining variables have free boundary conditions. The coronal boundary (|z| > z disk ) has the same boundary conditions as the top and bottom boundaries.
Appendix A.2. Grid and code description
Grid description:. The axisymmetric grid is in cylindrical (r, z) coordinates with mesh compression towards the equatorial plane and the z-axis, so that there is a larger number of cells in the disk plane and near the star. In the models presented here, we use a non-uniform grid with 190 × 306 grid cells corresponding to a grid that is 43 by 82 stellar radii in size At r = 20, the number of grid cells that cover the disk in the vertical direction is about 60.
Code description:. We use a Godunov-type numerical method with a five-wave Riemann solver similar to the HLLD solver developed by Miyoshi & Kusano (2005) . The MHD variables are calculated in four states bounded by five MHD discontinuities: the contact discontinuity, two Alfvén waves and two fast magnetosonic waves. Unlike Miyoshi & Kusano (2005) , our method solves the equation for entropy instead of the full energy equation. This approximation is valid in cases (such as ours) where strong shocks are not present. We ensure that the magnetic fields are divergence-free by introducing the φ-component of the magnetic field potential, which is calculated using the constrained transport scheme proposed by ?. The magnetic field is split into the stellar dipole and the calculated components, B = B dip + B ; we omit the terms of the order B 2 dip which do not contribute to the Maxwellian stress tensor (?). No viscosity terms have been included in the MHD equations, and hence we only investigate accretion driven by the resolved MRIturbulence. Our code has been extensively tested and has been previously utilized to study different MHD problems (see Koldoba et al. 2016 for tests and some astrophysical examples). All fluxes depend on parameterμ as ∼μ −2 . For example, in case of matter flux, this means that at larger values ofμ, the matter flux is smaller, and (at fixed B ) the magnetospheric radius is expected to be larger, because the general dependence r m ∼ (µ 2 /Ṁ) 1/7 is approximately satisfied. That is why in our model we use parameterμ to regulate the dimensionless size r m /R of the magnetosphere: the magnetosphere is largest in case of µ = 100, and smallest in case ofμ = 30. In Tab. A.6, we use the normalized value µ 60 = µ/60.
Appendix B. Variation of the inner disk radius and matter fluxes in representative runs
Left-hand panels of Figures B.18 
